A large number of genes are necessary for the biosynthesis and activity of the enzyme nitrogenase to carry out the process of biological nitrogen fixation (BNF), which requires large amounts of ATP and reducing power. The multiplicity of the genes involved, the oxygen sensitivity of nitrogenase, plus the demand for energy and reducing power, are thought to be major obstacles to engineering BNF into cereal crops. Genes required for nitrogen fixation can be considered as three functional modules encoding electron-transport components (ETCs), proteins required for metal cluster biosynthesis, and the "core" nitrogenase apoenzyme, respectively. Among these modules, the ETC is important for the supply of reducing power. In this work, we have used Escherichia coli as a chassis to study the compatibility between molybdenum and the iron-only nitrogenases with ETC modules from target plant organelles, including chloroplasts, root plastids, and mitochondria. We have replaced an ETC module present in diazotrophic bacteria with genes encoding ferredoxin-NADPH oxidoreductases (FNRs) and their cognate ferredoxin counterparts from plant organelles. We observe that the FNR-ferredoxin module from chloroplasts and root plastids can support the activities of both types of nitrogenase. In contrast, an analogous ETC module from mitochondria could not function in electron transfer to nitrogenase. However, this incompatibility could be overcome with hybrid modules comprising mitochondrial NADPH-dependent adrenodoxin oxidoreductase and the Anabaena ferredoxins FdxH or FdxB. We pinpoint endogenous ETCs from plant organelles as power supplies to support nitrogenase for future engineering of diazotrophy in cereal crops.
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nitrogen fixation | electron transport | plant organelles | nitrogenase engineering N itrogen is one of the primary nutrients limiting plant productivity in agriculture (1) . Industrial nitrogen fertilizers are used to circumvent this limitation, but have resulted in environmental pollution and expensive economic costs, especially in developing countries (2, 3) . These factors have potentiated a renewed focus toward engineering biological nitrogen fixation (BNF) in cereal crops. BNF, the process that converts gaseous nitrogen to ammonia by nitrogenase enzymes, contributes >60% of the total atmospheric N 2 fixed in the biogeochemical nitrogen cycle (4) . Nitrogenases are a family of metalloenzymes that consist of two separable components, dinitrogenase reductase (Fe protein) and dinitrogenase (XFe protein, where X is equivalent to Mo, V, or Fe, depending on the heterometal composition of the active site cofactor) ( Fig. 1 and refs. 5 and 6). All three nitrogenases catalyze the biological reduction of N 2 according to the following equation: N 2 + (6 + 2n)H + + (6 + 2n)e − → 2NH 3 + nH 2 (n ≥ 1) (7) (8) (9) . In this process, electrons are first transferred to the Fe protein, which, in turn, donates electrons to the XFe protein with hydrolysis of two ATP molecules per electron ( Fig. 1) (10) (11) (12) . Although Fe protein is the obligate electron donor for XFe protein in all characterized nitrogenase systems, the in vivo electron donor for Fe protein is less stringently conserved (9) . Direct electron donors to Fe protein are either reduced flavodoxin or reduced ferredoxin, which, in turn, are reduced by a variety of oxidoreductase systems, depending on the physiology of the host diazotroph (13) (14) (15) (16) (17) .
A number of studies have suggested chloroplasts, root plastids, or mitochondria as suitable locations for expression of nitrogenase in eukaryotes (18) (19) (20) . These energy-conversion organelles can potentially provide reducing power and ATP required for the nitrogen-fixation process. Diverse reduction reactions carried out in these organelles rely on different electron-transport chains (21) . Multiple gene copies of ferredoxins have been identified in all plants, including photosynthetic or nonphotosynthetic ferredoxins mainly expressed in chloroplasts or root plastids, respectively; and ferredoxin-like adrenodoxins located in the mitochondria (21, 22) . The major function of the photosynthetic ferredoxins is to transfer electrons from photosystem I to NADPH, catalyzed by leaf-type ferredoxin-NADPH oxidoreductase (LFNR) (23) . In addition, photosynthetic ferredoxins work to distribute reducing power derived from the photosynthetic process to several ferredoxindependent enzymes for nitrogen and sulfur assimilation (24) . Electron transfer between root-type ferredoxin-NADPH oxidoreductase (RFNR) and ferredoxin in the root plastid is reversed, with NADPH generated in the oxidative pentose-phosphate pathway being used to reduce RFNR and, in turn, ferredoxin (25) . In mitochondria, adrenodoxin serves to transfer electrons from NADPHdependent adrenodoxin oxidoreductase (MFDR) to the cysteine desulfurase Nfs1 to participate in the biosynthesis of the biotin (26) .
Recently, we successfully reassembled the Klebsiella oxytoca (Ko) MoFe (27) and the "minimal" Azotobacter vinelandii (Av) FeFe (28) nitrogenase systems in Escherichia coli (Fig. 1) . From the synthetic biology point of view, these two nitrogenase systems can be divided into three functional modules: the electrontransport component (ETC) module, the metal cluster biosynthesis Significance Engineering nitrogenase into cereal crops requires detailed understanding of the components required for efficient nitrogen fixation. We have used a synthetic biology modular approach to evaluate components from chloroplast, root plastids, and mitochondria that function as electron donors to both conventional Mo nitrogenase and the alternative Fe nitrogenase systems. The knowledge obtained in this study not only identifies electron-transfer components from plant organelles that can be used to support nitrogenase activity, but also is likely to enable reduction of the number of target genes required to engineer nitrogen fixation in plants. module, and the "core" enzyme module (Fig. 1) . In the present study, ETC modules from plastids and mitochondria, representing potential locations for nitrogenase in plants, were used to test their capability to support the activity of either MoFe or FeFe nitrogenase in E. coli. Our results indicate that intact ETC modules from the chloroplast and root plastid, or hybrid modules from mitochondria, can functionally support nitrogenase activity. Therefore, our results unravel the requirements for electron-transport components for engineering diazotrophy in different plant organelles.
Results

Hybrid ETC Modules Consisting of the NifJ Protein and Plastid Ferredoxins
Can Functionally Support Nitrogenase Activity. In many diazotrophs, the direct electron donor to nitrogenase is either reduced ferredoxin or reduced flavodoxin, which have been demonstrated to receive electrons from the pyruvate-flavodoxin (ferredoxin) oxidoreductase, encoded by nifJ, in some cases (13) (14) (15) . Most plants are known to have multiple copies of ferredoxins located in different organelles (21) . Through preliminary sequence analysis, we found that chloroplast and root-plastid ferredoxins from plants show high sequence identity with the Anabaena sp. PCC 7120 (As) fdxH gene product (Fig. S1) , which is the primary electron donor for nitrogenase in cyanobacteria (29) . To investigate whether hybrid ETC modules formed by the NifJ protein and plastid ferredoxins could support nitrogenase activity in E. coli, coding sequences of several representative plastid ferredoxins from Chlamydomonas reinhardtii (Cr; CrPETF), Arabidopsis thaliana (At; AtFD2 and AtFD3), Zea mays (Zm; ZmFDI and ZmFDIII), Oryza sativa (Os; OsFD1 and OsFD4), and Triticum aestivum (Ta; TaFD) were selected for further study. These ferredoxin-encoding genes were codon-optimized for E. coli (Dataset S1), and expressed from the inducible P Lteto-1 promoter ( Fig. 2A ; details are provided in SI Materials and Methods). The fdxH gene from As was also introduced as a control to verify effectiveness of the inducible system.
To assay electron transport by plant ferredoxins, the flavodoxin encoded by nifF in the Ko NifJ-NifF module was replaced by coexpression of the respective plant gene and the resultant activity of the reassembled MoFe (27) or the minimal FeFe (28) nitrogenase was analyzed by the method of acetylene reduction. Although significant background activity was observed in the absence of the NifJ-NifF module, all hybrid ETC modules stimulated nitrogenase activity by both the MoFe and FeFe systems, to varying extents ( Fig. 2 B-E). Stimulation of activity by plastid ferredoxins was dependent on the presence of NifJ, indicating that reducing power is provided by the pyruvate oxidoreductase activity of this electron donor (Fig. S2) . Interestingly, values >100% were observed for the FeFe nitrogenase system when NifF was replaced with the ferredoxins from As (FdxH), Cr (PETF), or Os (FD1), respectively ( Fig. 2B and Table S1 ). This phenomenon suggests that the AvAnfH protein in the hybrid minimal FeFe nitrogenase (28) may prefer ferredoxin, rather than flavodoxin, as an electron donor. All of the chloroplast ferredoxins could restore ∼100% activity for the FeFe nitrogenase system, with the exception of the NifJ-AtFD2 hybrid module, which showed ∼76% activity (Fig. 2B ). In contrast, only the NifJCrPETF and NifJ-TaFD hybrid modules could restore >90% activity to the MoFe nitrogenase system, whereas the NifJ-AtFD2, NifJ-ZmFDI, and NifJ-OsFD1 hybrid modules exhibited <70% activity (Fig. 2C ). All root-plastid ferredoxin-derived hybrid modules showed lower nitrogenase activities compared with their chloroplast ferredoxin counterparts derived from the same organism ( Fig. 2 B-E). It is possible that the different activities observed on substitution of ferredoxins from various plant origins could result from variations in expression levels. However, we were unable to confirm this possibility because we could not detect ferredoxin proteins by Western blotting using an anti-His monoclonal antibody (details are provided in SI Materials and Methods). Together, these results indicated that hybrid ETC modules formed with the NifJ protein, and plastid ferredoxins can direct the transfer of electrons to nitrogenase.
Because mitochondria represent another potential location for nitrogenase in plants, the capability of mitochondrial ferredoxins to support nitrogen fixation was also investigated in E. coli. The same strategy was used to clone the mitochondrial adrenodoxin coding genes from At (AtMFD1 and AtMFD2) as described above. When mitochondrial ferredoxin-derived hybrid ETC modules (NifJAtMFD1 or NifJ-AtMFD2) were introduced into E. coli, no restoration of activity was observed compared with the nifF-deficient MoFe or FeFe nitrogenase systems (Fig. 2 F and G) . To exclude the possibility that the GroESL proteins are potentially required for proper and efficient folding of mitochondrial ferredoxins in E. coli (26), a high-copy plasmid carrying the GroESL-encoding genes was cotransformed with MoFe or FeFe nitrogenase systems carrying either the NifJ-AtMFD1 or NifJ-AtMFD2 hybrid modules. Similar negative results were obtained (Fig. S3) . Interestingly, phylogenetic analysis showed that the mitochondrial ferredoxins are not clustered with any of the well-defined electron donors for nitrogenase (Fig. S4) . Overall, these results suggest that the mitochondria ferredoxins cannot couple with the NifJ protein to form functional ETC modules for nitrogenase systems. in different organelles. All of these FNRs function to mediate electron transfer between ferredoxins and NADPH (23, 25, 26) . From phylogenetic analysis, we found that the chloroplast FNRs form a subgroup with the FNR proteins from cyanobacteria, whereas the root-plastid FNRs form another subgroup with the FNR proteins from algae (Fig. S5) . In contrast, the mitochondrial MFDRs diverged away from these two subgroups during early evolution (Fig. S5) .
To investigate whether hybrid ETC modules consisting of the plant-type FNRs and well-defined electron donors (KoNifF, AsFdxH, and AsFdxB) could direct electron transfer to nitrogenase in E. coli, well-characterized chloroplast or root-plastid FNRs from Cr and Zm, plus the At mitochondrial MFDR, were selected to verify this assumption. These hybrid modules were transformed into the E. coli, and their activities were assayed by the acetylene reduction method. None of the hybrid ETC modules consisting of the plant-type FNRs and NifF could stimulate acetylene reduction by either the MoFe or FeFe nitrogenase systems (Fig. S6) . In contrast, all hybrid modules formed with the plant-type FNRs and AsFdxH could partially restore nitrogenase activity to both the MoFe and FeFe nitrogenase systems (Fig. 3 B and C) . However, only MFDR from mitochondria could support electron transfer to the nitrogenases when coupled to AsFdxB (Fig. S6) .
The fact that ETC modules formed with the plant-type FNRs and NifF could not functionally support nitrogenase activity is not surprising, because FNRs known to reduce flavodoxins are limited to a few bacteria, such as Fpr from E. coli and FNRs from some species of cyanobacteria, which are usually related to the biosynthesis of cytochrome P450 (30) . Microbial FNRs showed a distant evolutionary relationship with the chloroplast and rootplastid FNRs (Fig. S5) . In addition, no flavodoxins have been identified in plants (31) . Therefore, the plant-type FNRs do not appear to have coevolved with the flavodoxins.
Intact ETC Modules from Chloroplasts and Root Plastids Can Functionally
Support Nitrogenase Activity. After evaluating the function of the hybrid modules, further experiments were carried out to investigate whether intact ETC modules, consisting of FNRs and their cognate ferredoxin counterparts from plant organelles, could support nitrogenase activity. By combining the P tac -controlled FNRs with P LtetO-1 -controlled ferredoxins (details are provided in SI Materials and Methods), two chloroplast ETC modules, CrFNR-PETF and ZmLFNR-FDI; one root-plastid ETC module, ZmRFNR-FDIII; and one mitochondrial ETC module, AtMFDR-MFD1 were constructed. Because it is known that the AsPetH-FdxH module from cyanobacteria can function to support nitrogen fixation in its original host, this module was also constructed and used as a control.
The ability of the intact ETC modules to support nitrogenase activity as replacement for the NifJ-NifF module was assayed by both acetylene reduction and 15 N-assimilation methods. With the exception of the AtMFDR-MFD1 module from mitochondria, all other ETC modules conferred ability to partially restore acetylene reduction and 15 N assimilation to both MoFe and FeFe nitrogenases (Fig. 4 B-E) . In contrast, no obvious stimulation of activity could be observed, when either of the two components from each of the modules was expressed individually, demonstrating that the plant-type ferredoxins do not function in electron transport in the absence of their cognate FNR and, conversely, that the plant FNRs cannot donate electrons to nitrogenase in the absence of a MoFe represents the reassembled MoFe nitrogenase system. Assembly of these nitrogenases requires both the "metal cluster biosynthesis module" and the "core enzyme" module, respectively, as shown in Fig. 1 . As, Anabaena sp. PCC 7120; At, Arabidopsis thaliana; Cr, Chlamydomonas reinhardtii; Os, Oryza sativa; Ta, T. aestivum; Zm, Zea mays. Error bars indicate the SD observed from at least three independent experiments. coexpressed ferredoxin component (Fig. S7) . Thus, both members of the plant ETC pairs are necessary for functionality.
Two of the chloroplast modules, CrFNR-PETF and ZmLFNR-FDI, showed comparable amounts of activity to those observed with the AsPetH-FdxH module from cyanobacteria (∼45% acetylene reduction and ∼30% 15 N assimilation) with both FeFe and MoFe nitrogenases (Fig. 4) . However, the ZmRFNR-FDIII module from the root plastid was less active than its corresponding chloroplast module from the same plant with respect to both nitrogenases (Fig. 4 B-E) . Interestingly, weak complementation was observed with the AtMFDR-MFD1 module (11% 15 N assimilation activity) when combined with MoFe nitrogenase, compared with the NifJ-NifF-deficient negative control (6% 15 N assimilation activity) (Fig. 4E) . However, this phenotype was not observed with FeFe nitrogenase. (Fig.  4D) . Because multiple copies of ferredoxins exist in E. coli, it is possible that the enhanced activity of MoFe nitrogenase resulted from the contribution of hybrid modules formed between AtMFDR and those from E. coli ferredoxins. This effect may not be observed with the FeFe nitrogenase system because of its higher background activity in the absence of nifF and nifJ (Fig.  4D) . Together, these results demonstrate that intact ETC modules from plastids, but not their equivalents from mitochondria, are capable of transferring electrons to nitrogenases.
Discussion
It is generally accepted that several factors may limit successful engineering of nitrogenase in cereal crops, including provision of the appropriate physiological environment for the enzyme [e.g., availability of energy (ATP), reducing power, and a low-oxygen environment], in addition to the relative large number of nif genes required for biosynthesis of nitrogenase itself. Attempts have been made to reduce the number of genes required for both MoFe (32) and FeFe nitrogenase biosynthesis (28) by using E. coli as a chassis. However, in the case of nif genes originating from Paenibacillus sp., it was observed that nitrogenase activity decreased drastically when the number of genes were decreased to nine for MoFe nitrogenase (32) , but activity could be recovered when additional genes were recruited back into the system (33). These findings have highlighted the difficulties in minimizing nif gene sets for synthetic biology.
One approach to reducing the number of genes required for nitrogenase activity is to make use of host-encoded ETCs. Bioinformatic analysis indicated that ETC modules from plant organelles show close evolutionary relationships with nitrogenase ETCs from nitrogen-fixing cyanobacteria (Figs. S4 and S5) . Therefore, it is reasonable to question whether these ETCs can replace the NifJ-NifF module and support nitrogen fixation. We have used the modularity concept to analyze compatibility between ETCs from different plant organelles with nitrogenase enzyme modules. Our results indicate that plastid ferredoxins can efficiently participate in electron transfer to nitrogenase from either the nif-specific pyruvate-flavodoxin (ferredoxin) reductase encoded by nifJ or from its FNR counterparts in plants. Overall, we observed little difference in the response of the MoFe or FeFe nitrogenases to the various ETC modules we analyzed, suggesting that plant ETCs can function with either enzyme.
We found that almost all plant-originated ferredoxins used in this study (except adrenodoxins from mitochondria) could functionally substitute for NifF for both FeFe and MoFe nitrogenases (Fig. 2) . This finding implies that the interface between these ferredoxins and NifH/AnfH are competent for electron transfer. In many cases, the previously reported redox potentials of these ferredoxins (Table S1 ) are higher than those of the Fe protein NifH (−412 mV) (34) , which disfavors electron transfer to nitrogenase in vitro (35) . Furthermore, the redox potential of the NADH/NAD + couple (midpoint potential −380 mV) is, in theory, too high to drive electron donation to nitrogenase by FNRs, although NAD(P)H-dependent electron-transfer chains apparently support nitrogenase activity in vivo in aerobic diazotrophs. To account for this conundrum, it has been proposed that either proton motive force or electron bifurcation drives the reversed electron flow required to overcome these bioenergetic constraints in vivo (36, 37) . Because multiple factors, including expression levels, interface compatibility, and protein ratios, may affect electron transfer to nitrogenase, it is not possible to determine whether ferredoxin redox potentials relate to the efficiency of electron transfer in our experimental system. Overall, our results lay a solid foundation for the use of extant ETC modules from plant organelles to engineer BNF in cereal crops. The observation that ETC modules from both chloroplasts and root plastids can functionally support nitrogenase activity implies that engineering diazotrophy in plastids does not require insertion of an ETC module. For instance, for the FeFe nitrogenase system, of the minimal 10 genes required (28), 2 of these function as the bacterial ETC module and presumably would not be essential for engineering nitrogenase activity in plants. To further reduce the number of nif/anf genes required, plant genes that can substitute for components of the "metal cluster biosynthesis" module ( Fig. 1) , such as those required for iron-sulfur cluster assembly, could also be considered. Two recent studies have shown that the [Fe-S] cluster biosynthesis components from eukaryotic organelles can substitute for NifU and NifS to incorporate the [4Fe-4S] cluster into the Fe protein of nitrogenase (19, 20) .
Accumulated mutational studies indicate that many diazotrophs have multiple pathways that mediate electron flow to nitrogenase. These pathways include multiple electron-transfer proteins (ferredoxins and flavodoxins) and multiple oxidoreductases, including pyruvate-flavodoxin (ferredoxin) oxidoreductase, FNR, and the Rnf complex [a membrane-bound ion-translocating NADH-ferredoxin oxidoreductase, first identified in Rhodobacter capsulatus by Schmehl et al. (16)] (Fig. 1) . The putative membrane-associated electrontransferring flavoprotein complex encoded by the fixABCX operon has also been proposed to transfer electrons to nitrogenase (38) . Such redundancy has endowed nitrogenase with the ability to cope with heterogenous ETC modules. Conversely, the [2Fe-2S]-type ferredoxin is the most extensively used electron shuttle, which is maintained throughout the tree of life and is involved in a plethora of metabolic, regulatory, dissipative, and developmental processes (31) . To satisfy the requirements for electron transfer to diverse proteins, ferredoxins have evolved multiple interfaces to cope with different metabolic partners (39) . This interface flexibility may provide another explanation for the compatibility of the nitrogenase system with heterogenous ETC modules from plant chloroplasts and root plastids.
Combining the results obtained from this study, a schematic model for electron transfer to nitrogenase in organelles of engineered plants is proposed (Fig. 5) . Our results imply that the endogenous ETC module present in mitochondria is not competent to support nitrogenase activity (Fig. 4) , reflecting the requirement for an additional ETC component, such as AsFdxH or AsFdxB, that can function as a hybrid module for direct electron transfer to nitrogenase (Fig. 3) . In this scenario, NADPH generated either by glycolysis or by isocitrate dehydrogenase can provide reducing equivalents for electron transfer to nitrogenase through the hybrid MFDR-ferredoxin pathway (Fig. 5) . In root plastids, the NADPH generated by degradation of glucose through the oxidative pentose phosphate pathway is used by RFNR to catalyze reduction of ferredoxins. We propose that this electron-transfer pathway can be used to provide reducing power for nitrogenase in the absence of the nif-specific NifJ-NifF ETC module (Fig. 5) .
Although chloroplasts are potentially problematic for nitrogenase engineering in terms of oxygen evolution, it is possible to consider solutions based on mechanisms of oxygen avoidance used by cyanobacteria. The electron-transfer route to LFNR in chloroplasts involves light activation of photosystems II and I and the subsequent reduction of ferredoxin, which feeds electrons into LFNR. The reaction catalyzed by LFNR is reversible; whereas reduction by ferredoxin favors biosynthesis of NADPH (23), the reverse reaction uses NADPH to reduce oxidized ferredoxin (40) . In this case, LFNR can be considered to be analogous to a battery, which accumulates reducing equivalents in the light and discharges this power (as NADPH) in the dark to fuel redox reactions (Fig. 5) . Because the chloroplast ETC modules studied in this work function with photosystem I and can support nitrogenase activity in E. coli (Fig. 4) , it is possible to envisage a scenario for energetic coupling of photosynthesis with nitrogen fixation, with temporal separation of their activities in Fig. 5 . Schematic model illustrating potential routes for electron transfer to nitrogenase in engineered plant organelles. The diagram depicts an artificial plant cell in which a chloroplast and root plastid coexists in the same cell. The main components or processes for generation of reducing power are shown. Components within organelles with solid outlines represent existing proteins present in plants, whereas components with dashed outlines represent those required to engineer nitrogenase activity as suggested by our results. The red arrow in the root plastid represents RFNR-ferredoxin-mediated electron transfer from NADPH to nitrogenase, with reducing equivalents being supplied by the oxidative pentose phosphate pathway (OxPPP). In mitochondria, the red arrow indicates the election transfer pathway from MFDR to nitrogenase, which can function if a heterologous ferredoxin such as AsFdxH or AsFdxB is introduced. NADPH can be supplied either through glycolysis or via the oxidative TCA cycle by isocitrate dehydrogenase (ICDH). In chloroplasts, light-activated photosystem II (PSII) extracts electrons from water and transfers them to plastoquinone (PQ), and then through cytochrome b6f (Cytb 6 f) to plastocyanin (PC), which then feeds electrons to the light-oxidized photosystem I (PSI). PSI-derived electrons are used to reduce ferredoxin, which then transfers reductant to either LFNR, for NADPH production, or to nitrogenase, for nitrogen fixation. The NADPH generated can also promote reverse electron transfer to nitrogenase via ferredoxin, catalyzed by LFNR. The bottom lighter half of the chloroplast represents the light condition, with the blue arrow representing the photo-coupled "charging" process for accumulating NADPH; the darker half of the chloroplast represents the dark condition, with the yellow arrow representing the LFNRferredoxin mediated "discharging" process for transferring electrons from NADPH to nitrogenase (N 2 ase). As the major site for ammonia assimilation, ammonia produced in the chloroplast can be immediately assimilated by glutamine synthetase (GS) (42) . Glc-6P, glucose-6-P; Rib-5P, ribose-5-P. the light and dark periods. In nonheterocystous cyanobacteria, nature has been able to reconcile the processes of nitrogen fixation and oxygenic photosynthesis through temporal separation, in which photosynthetic CO 2 fixation occurs in the light and nitrogen fixation is carried out in the dark (41) . According to our model, electron transfer from the ferredoxin to LFNR would occur during the light period, resulting in accumulation of excess NADPH. This reductant could be used in the dark to drive the reverse-catalytic reaction of LFNR, enabling reduction of nitrogenase by reduced ferredoxin (Fig. 5 ).
Materials and Methods
Bacterial Strains and Growth Medium. Bacterial strains used in this study are listed in Table S2 . Media and antibiotics were used as described (28) and are detailed in SI Materials and Methods.
Construction of Recombinant Plasmids. Plasmids used in this study are listed in Table S2 and Fig. S8 . Plasmids were constructed by using procedures described in SI Materials and Methods. Each of the constructs was confirmed by DNA sequencing before any further experimentation.
Acetylene Reduction Assay. The C 2 H 2 reduction method was used to assay nitrogenase activity as described (28) . Details are provided in SI Materials and Methods. Data presented are mean values based on at least three replicates.
15
N 2 Assimilation Assay. To detect 15 N 2 assimilation, E. coli JM109 derivatives expressing reassembled nitrogenase systems were grown as described (28) . More details are provided in SI Materials and Methods. Data presented are mean values based on at least two replicates.
